
Novel Dispersed-Phase C a t a l y t i c  Approach t o  Coprocessing 

by 

A.V. Cuain i .  J.A. Ruether.  D.L. C i l l o .  0. Krastman. and 0.N. S m i t h  
L .  

P i t t s b u r g h  Energy  Technology C e n t e r  
P.O. Box 10940 

P i t t s b u r g h ,  P e n n s y l v a n l a  15236 

and 

V i n c e n t  Ba lsone 
G i l b e r t  Comnonwealth, Inc. 

P.O. Box 618 
L i b r a r y ,  P e n n s y l v a n i a  15129 

ABSTRACT 

The P i t t s b u r g h  Energy  Technology Center  (PETC) i s  c u r r e n t l y  t e s t i n g  a new 
process concept f o r  c a t a l y t i c a l l y  coprocess ing  a m i x t u r e  o f  coa l  and 
p e t r o l e u m - d e r i v e d  r e s i d u a l  o i l s .  The c a t a l y s t  used i n  t h i s  process i s  
molybdenum added d i r e c t l y  t o  the  r e a c t o r  as an aqueous s o l u t i o n .  Recent 
r e s u l t s  a r e  p resented  f o r  p roduc t  y i e l d  s t r u c t u r e  o b t a i n e d  i n  a 1 - l i t e r  
semibatch r e a c t o r .  A d i s c u s s i o n  i s  a!sc g C v m  f o r  sone r e c e n t  f i n d i n g s  
o b t a i n e d  f r o m  coprocess ing  s t u d i e s  i n  a I - l i t e r  con t inuous  r e a c t o r  system. 

An i m p o r t a n t  economic advantage i n  u s i n g  t h i s  process can be ga ined i f  
r e c o v e r y  o f  t h e  d i s p e r s e d  c a t a l y s t  f r o m  t h e  p r o d u c t  r e s i d u e  i s  demonstrated. 
A d i s c u s s i o n  i s  p r o v i d e d  o f  an approach t o  c a t a l y s t  recovery  t h a t  does n o t  
r e q u i r e  c o m p l i c a t e d  p r o c e s s i n g  s t e p s  and uses r e l a t i v e l y  i n e x p e n s i v e  
reagents .  R e s u l t s  a re  presented f r o m  p r e l i m i n a r y  t e s t i n g  o f  t h e  r e c o v e r y  
process t h a t  i n d i c a t e  i t  i s  f e a s i b l e  t o  e f f i c i e n t l y  r e c o v e r  t h e  
c a t a l y t i c a l l y  a c t i v e  m a t e r i a l  f o r  r e u s e  i n  t h e  process. 

INTRODUCTION 

The r a p i d  consumption o f  c o n v e n t i o n a l  l i g h t  pe t ro leum r e s e r v e s  and t h e  
i n c r e a s i n g  need t o  r e f i n e  lower q u a l i t y  p e t r o l e u m  f e e d s t o c k s  have r e c e n t l y  
prompted s e r i o u s  c o n s i d e r a t i o n  o f  t e c h n o l o g y  f o r  coprocess ing  c o a l  with 
p e t r o l e u m  r e s i d u a l  o i l s  o r  heavy bi tumens. Coprocessing i s  a t t r a c t i v e  as a 
p o s s i b l e  r o u t e  f o r  i n t r o d u c i n g  t h e  p r o c e s s i n g  o f  c o a l  i n  an e v o l u t i o n a r y  
manner i n t o  e x i s t i n g  r e f i n e r y  i n f r a s t r u c t u r e s  w i t h o u t  i m n e d i a t e l y  i n c u r r i n g  
t h e  l a r g e  c a p i t a l  investment a s s o c i a t e d  w i t h  o t h e r  coa l  l i q u e f a c t i o n  
a l t e r n a t i v e s .  

Prev ious  coprocess ing  exper iments conducted a t  PETC i n  a n o n c a t a l y t i c  
o p e r a t i o n  ( L e t t  and C u g i n i ,  1986) have l e d  t o  s e v e r a l  conc lus ions .  F i r s t ,  
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c o a l  i s  capable o f  enhancing d e m e t a l l a t i o n  o f  t h e  petroleum s o l v e n t  stream. 
The d e m e t a l l a t i o n  mechanism appears t o  be an a d s o r p t i o n  process whereby t h e  
m e t a l s  are adsorbed on to  t h e  s u r f a c e  of t he  c o a l  remain ing und isso lved  a t  
t h e  r e a c t i o n  c o n d i t i o n s .  Second, d i s t i l l a t e  y i e l d s  i n  coprocess ing a r e  
l a r g e r  than  would be p r e d i c t e d  f rom l i n e a r  a d d i t i o n  o f  the d i s t i l l a t e  y i e l d s  
based on independent p rocess ing  o f  t h e  coa l  and pet ro leum-der ived s o l v e n t .  
Two f a c t o r s  appear t o  be r e s p o n s i b l e  fo r  t h i s  r e s u l t .  F i r s t ,  t h e  pet ro leum- 
d e r i v e d  s o l v e n t  can a c t  as a hydrogen donor s o l v e n t  (a l though a poor one) 
f o r  t h e  coa l ;  and second, c o a l  enhances the  convers ion  o f  t he  o i l  t h rough  
t h e  c a t a l y t i c  e f f e c t s  o f  t h e  i n o r g a n i c s  i n  t h e  coal ,  p r i m a r i l y  p y r i t e .  
Whi le  these  are p o s i t i v e  r e s u l t s  ob ta ined  i n  t h e  n o n c a t a l y t i c  cop rocess ing  
approach, t he  l i q u i d  p r o d u c t  y i e l d s  are t o o  low and would n o t  appear t o  
j u s t i f y  a n o n c a t a l y t i c  approach t o  coprocess ing.  

I n  our  p r e l i m i n a r y  c a t a l y s t - s c r e e n i n g  s tud ies ,  we evaluated a s i n g l e - s t a g e  
approach t o  c a t a l y t i c  coprocess ing.  Whi le  two-stage coprocess ing has 
m e r i t s ,  m a i n l y  d e a l i n g  w i t h  c o a l ' s  i n h e r e n t  a b i l i t y  t o  remove m e t a l s  f r o m  
t h e  pe t ro leum and . the reby  reduce second-stage c a t a l y s t  aging, t h e  use of a 
suppor ted c a t a l y s t  a t  any p o i n t  increases t h e  d i f f i c u l t y  o f  u l t i m a t e l y  
r e c o v e r i n g  t h e  expensive me ta l s  used i n  f o r m u l a t i n g  the c a t a l y s t .  A 
d ispersed-phase c a t a l y s t  would f a c i l i t a t e  r e c o v e r y  of the a c t i v e  me ta l s .  
Also,  t h e  most a c t i v e  m a t e r i a l s  f o r  s ing le -s tage  upgrading have been f i n e l y  
d i spe rsed  c a t a l y s t s ,  e i t h e r  suppor ted o r  unsupported. Therefore, we chose a 
d ispersed-phase c a t a l y s t  f o r  use i n  s i n g l e - s t a g e  coprocessing. The form 
chosen was a wa te r -so lub le  s a l t ,  s p e c i f i c a l l y  amnonium molybdate. T h i s  
m a t e r i a l  i s  r e a d i l y  a v a i l a b l e ,  and t h e  molybdenum i n  a c a t a l y s t  recove ry  
process i s  r e a d i l y  recovered as amnonium molybdate. 

EXPERIEHTAL RESULTS AND DISCUSSION 

Batch Opera t i on  

C a t a l y s t  ( a d d i t i v e )  sc reen ing  t e s t s  were i n i t i a l l y  conducted i n  4 2 4  
m ic roau toc lave  r e a c t o r s .  The o b j e c t i v e  o f  t hese  t e s t s  was t o  i d e n t i f y  
p o t e n t i a l  a c t i v e  c a t a l y s t s  f o r  coprocess ing.  The c a t a l y s t s  ( a d d i t i v e s )  
t e s t e d  i n c l u d e  aqueous amnonium heptamolybdate, hydrogen s u l f i d e ,  hydrogen 
su l f i de /wa te r ,  and p y r i t e .  These c a t a l y s t s  were t e s t e d  a t  t y p i c a l  
coprocess ing r e a c t i o n  c o n d i t i o n s ;  i .e. 435oC, 1200 p s i g  c o l d  HZ charge, a 
res idence  t i m e  o f  1 hour ,  and a 70 w t X  c o n c e n t r a t i o n  o f  Maya ATB w i t h  30 w t %  
I l l i n o i s  #6 coa l .  Analyses o f  t h e  major  thermophysica l  p r o p e r t i e s  o f  Maya 
ATB and I l l i n o i s  No. 6 c o a l  are presented i n  Tables 1 and 2. 

The p r o d u c t s  from the  ba tch  t e s t s  were removed f rom the  r e a c t o r s  and 
separated i n t o  s o l u b l e  and i n s o l u b l e  f r a c t i o n s .  The p roduc t  y i e l d  
d i s t r i b u t i o n s  f o r  t h e  c a t a l y s t - s c r e e n i n g  t e s t s  a r e  shown i n  F i g u r e  1. The 
molybdenum c a t a l y s t  was t h e  most a c t i v e  c a t a l y s t  t es ted .  The use o f  0.1% Mo 
(based on t o t a l  f e e d  s l u r r y )  as aqueous anmonium molybdate r e s u l t e d  i n  t h e  
h i g h e s t  hep tane-so lub le -o i  1 y i e l d  and lowest  p i t c h  (THF- insolub les)  y i e l d .  
The use of p y r i t e  o r  H p S  r e s u l t e d  i n  an i nc rease  i n  conversion, w i t h  t h e  
p y r i t e  b e i n g  the  more a c t i v e  o f  t he  two a d d i t i v e s .  A d d i t i o n  o f  water  t o  f h e  
hydrogen s u l f i d e  system d i d  n o t  app rec iab l y  a l t e r  the p roduc t  y i e l d  
d i s t r i b u t i o n .  
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The aqueous amnonium heptamolybdate C a t a l y s t  precursor was a l s o  t e s t e d  i n  a 
semibatch l y l i t e r  a u t o c l a v e  r e a c t o r .  The r e a c t i o n  c o n d i t i o n s  i n  t h e  
semibatch a u t o c l a v e  were s i m i l a r  t o  those i n  the m i c r o r e a c t o r  w i t h  the  
e x c e p t i o n  t h a t  a. f low- th rough gas was used. The gas r a t e  was 4 s c f  o f  H2 
p e r  hour.  The f e e d  charge c o n s i s t e d  o f  500 grams of c o a l / o i l  s l u r r y .  

The o b j e c t i v e  o f  these b a t c h  1 - l i t e r  t e s t s  was t o  determine t h e  e f f e c t  o f  
s c a l i n g  up f r o m  b a t c h  m i c r o r e a c t o r  t e s t s  t o  semibatch o p e r a t i o n s  (ba tch  
l i q u i d ,  f l o w - t h r o u g h  gas)  on convers ions  and produc t  d i s t r i b u t i o n s .  These 
t e s t s  were conducted i n  b o t h  c a t a l y t i c  and n o n c a t a l y t i c  systems. F i g u r e  2 
p r e s e n t s  a comparison o f  t he  m i c r o r e a c t o r  and 1 - l i t e r  a u t o c l a v e  r e a c t o r  
p r o d u c t  y i e l d s  f r o m  coprocessing. The p i t c h  convers ion  was s i m i l a r  i n  bo th  
cases. The major  d i f f e r e n c e  i n  t h e  two systems was observed i n  t h e  
aspha l  tene ( d e f i n e d  as heptane- i n s o l  u b l  e/THF-sol u b l  e f r a c t i o n )  and o i  1 
( d e f i n e d  as h e p t a n e - s o l u b l e )  y i e l d s .  Apparent ly,  t he  aspha l tenes  are  
conver ted  t o  o i l  t o  a much l a r g e r  e x t e n t  i n  semibatch 1 - l i t e r  r e a c t o r s  than 
i n  m i c r o r e a c t o r s .  T h i s  i s  observed i n  bo th  c a t a l y t i c  and n o n c a t a l y t i c  
systems. 

The work-up procedure  f o r  t h e  semibatch system inc ludes  a d i s t i l l a t i o n  step. 
The t o t a l  o i l  p roduc t  i s  d i s t i l l e d  a f t e r  t h e  heptane i n s o l u b l e s  have been 
e x t r a c t e d .  The d i s t i l l a t i o n  s tep  employed a m o d i f i e d  ASTM D1160 procedure.  
F i g u r e  3 i n c l u d e s  t h e  r e s u l t s  from t h e  d i s t i l l a t i o n  o f  t h e  h e p t a n e - s o l u b l e  
p r o d u c t s  f o r  t h e  semibatch c a t a l y t i c  and n o n c a t a l y t i c  runs. The e f f e c t  o f  
t h e  c a t a l y s t  i s  most pronounced on t h e  y i e l d  o f  d i s t i l l a b l e  (c5-95O0F) o i l .  
A d u p l i c a t e  r u n  f o r  t h e  c a t a l y t i c  case i s  a l so  presented i n  F i g u r e  5.  

Cont inuous Unit O p e r a t i o n  

The u l t i m a t e  o b j e c t i v e  was t o  develop a d i s p e r s e d - c a t a l y s t  system capab le  o f  
b e i n g  used i n  a s i n g l e - s t a g e  cont inuous  opera t ion .  Cont inuous c a t a l y t i c  
coprocess ing  exper iments  were performed i n  a computer -cont ro l led  1 - l i t e r  
bench-scale cont inuous  u n i t  shown i n  F i g u r e  4. A m i x t u r e  o f  30 wtX coa l  
ground t o  200 x 0 mesh and 70 w t %  Mayan atmospheric tower bottoms (ATB - 
650oF+ b o i l i n g  m a t e r i a l )  was i n j e c t e d  along w i t h  an aqueous amnonium 
heptamolybdate stream and a hydrogen and hydrogen s u l f i d e  gas stream ( t h e  
H2S i n s u r e s  t h a t  t h e  molybdenum has access t o  adequate s u l f u r  t o  be 
c o n v e r t e d  t o  i t s  s u l f i d e  fo rm)  i n t o  a p reheater  and r e a c t o r  combina t ion  
m a i n t a i n e d  a t  2500 p s i g .  E a r l i e r  m i c r o a u t o c l a v e  s t u d i e s  demonstrated t h e  
need f o r  a g radua l  heat -up  o f  t he  f e e d  s l u r r y  (Cug in i  and L e t t ,  1987). 
Temperature s t a g i n g  of t h e  preheater  and r e a c t o r  was used t o  p r o v i d e  t h i s  
g r a d u a l  heat-up i n  a cont inuous  system. The res idence t i m e  i n  t h e  preheat  
zone i s  a p p r o x i m a t e l y  20 minutes.  The o p e r a t i n g  c o n d i t i o n s  used f o r  these 
r u n s  were t h e  f o l l o w i n g :  

Reactor Temperature:  435oc 
Pressure:  2500 p s i g  
C a t a l y s t  Feed C o n c e n t r a t i o n  0.003 
( g  Mo/g c o a l  + o i l )  
Gas Feed C o n c e n t r a t i o n  ( v o l  X ) :  
Space V e l o c i t y :  0.75 h r - l  
Gas Feed Rate:  10 s c f h  

97% fl2; 3% H2S 
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The r u n  was c o n t i n u o u s l y  ope ra ted  f o r  100 hours wi th no o p e r a t i o n a l  
problems. The separa t i on  scheme used t o  analyze product  d i s t r i b u t i o n s  was 
s i m i l a r  t o  t h a t  used for t h e  semibatch I - l i t e r  products .  The p roduc t  gases 
were sampled u s i n g  gas b u r e t t e s  and analyzed by gas chromatography. The 

C a t a l y s t  Recovery 

To improve the  f e a s i b i l i t y  of PETC's coprocess ing scheme, i t  was f e l t  t h a t  a 
c a t a l y s t  recovery scheme should be developed. The use o f  an unsuppor ted 
molybdenum c a t a l y s t  would f a c i l i t a t e  c a t a l y s t  recovery because t h e r e  would 
be no i n t e r f e r e n c e s  from t h e  suppor t  m a t e r i a l ,  and t h e  recovered fo rm o f  t h e  
c a t a l y s t  cou ld  r e a d i l y  be reused as a c a t a l y s t  i n  t h e  process. 

The recove ry  scheme t h a t  i s  be ing  developed i s  s i m i l a r  i n  concept  t o  Exxon's  
recove ry  scheme f o r  c o a l  l i q u e f a c t i o n  c a t a l y s t s  (F ranc i s  and Veluswamy, 
1983). The coprocess ing r e s i d u e  i s  o x i d i z e d  t o  separate t h e  carbon f rom t h e  
c a t a l y s t - c o n t a i n i n g  m ine ra l  m a t t e r  and t o  conver t  t h e  me ta l s  i n  the  m i n e r a l  
m a t t e r  t o  t h e i r  ox ide  form. The r e s u l t a n t  ash i s  e x t r a c t e d  w i t h  an a l k a l i  
s o l u t i o n  t o  f i r s t  s o l u b i l i z e  the  molybdenum and then s o l u b i l i z e  t h e  n i c k e l  
and vanadium. 

An exper imen ta l  program has been i n i t i a t e d  t o  t e s t  t he  f e a s i b i l i t y  o f  t h i s  
recove ry  scheme. The f i r s t  s tage o f  t h e  program was t o  recove r  molybdenum 
f rom a m i x t u r e  o f  coa l  ash and added meta l  ox ides i n  a r a t i o  t o  r e p r e s e n t  
t h e  m i x t u r e  from a c a l c i n e d  stream o f  a res idue  from coprocess ing  30% 
I l l i n o i s  No. 6 c o a l  and 70% Maya ATE. The composi t ion o f  t h i s  m i x t u r e  i s  
presented i n  Table 4.  The m i x t u r e  was c a l c i n e d  a t  700oC t o  a l l o w  f o r  h i g h -  
temperature i n t e r a c t i o n s  between the  me ta l s  t h a t  might  occur  d u r i n g  t h e  
c a l c i n i n g  s tep.  The m i x t u r e  was then  e x t r a c t e d  with amnonium hyd rox ide  a t  a 
s e r i e s  of pH's and temperatures. The r e s u l t s  o f  t h r e e  c a t a l y s t  r e c o v e r y  
t e s t s  a re  a l s o  presented i n  Table 4 .  These r e s u l t s  i n d i c a t e  t h a t  on model 
systems i t  i s  p o s s i b l e  t o  e x t r a c t  97% o f  the  molybdenum w i t h  l i t t l e  
con tamina t ion  by  vanadium. More t e s t s  are planned t o  o p t i m i z e  t h e  
e x t r a c t i o n  method on a c t u a l  coprocess ing res idues .  

The approach taken t o  c a t a l y t i c a l l y  coprocess a m i x t u r e  o f  coa l  and 
pe t ro leum-der i ved  r e s i d u a l  o i l  i n  a s ing le -s tage  process has been 
demonstrated s u c c e s s f u l l y .  A h i g h - a c t i v i t y  unsupported c a t a l y s t  has been 
developed t h a t  i s  capable o f  enhancing coa l  convers ion and d i s t i l l a t e  
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y ie lds .  Ac t i va t i on  o f  the c a t a l y s t  has been demonstrated success fu l l y  f o r  
batch and continuous operations. I n  a moderate-severity mode o f  operation, 
87 weight percent o f  the 950OF+ o rgan ic  ma te r ia l  i n  the s l u r r y  feed (Maya 
ATE and I l l i n o i s  No. 6 )  i s  converted. The hydrogen consumption i s  about 3 
weight percent o f  the feed. 

The c a t a l y s t  precursor used i n  t h i s  process i s  anmonium heptamolybdate added 
d i r e c t l y  t o  the reactor  as an aqueous so lut ion.  Pre l iminary r e s u l t s  from 
model compound studies f o r  recovery o f  the c a t a l y s t  i nd i ca te  t h a t  a 
s i g n i f i c a n t  f r a c t i o n  o f  the c a t a l y s t  (97 percent) can be recovered f o r  
reuse. 

FUTURE P U N S  

The r e s u l t s  obtained t o  date r e f l e c t  e a r l y  f i nd ings  o f  scale-up from batch 
t o  continuous operations o f  c a t a l y t i c  coprocessing i n  a single-stage 
process. The c a t a l y s t  a c t i v a t i o n  sequence, although successful, has not  
been optimized. Since the pret reatment  o f  the c a t a l y s t  played a key r o l e  i n  
the u l t ima te  a c t i v i t y  o f  the c a t a l y s t ,  several interdependent i nves t i ga t i ons  
w i l l  be pursued: ( 1 )  the t ime and temperature e f f e c t s  of  preheating i n  the 
continuous mode of  operation; and ( 2 )  the e f f e c t  o f  adding promoters t o  the 
amnonium molybdate c a t a l y s t  on coprocessing performance. 

A research e f f o r t  w i l l  continue t o  develop a recovery process f o r  the spent 
c a t z l y s t  i!! the coproce:s:ng Tesidual product;. E f f o r t s  t o  date i nd i ca te  
t h a t  recovery o f  ca ta l ys t  from ca lc ined  residues can be performed a t  very 
h i g h  l e v e l s  o f  recovery v i a  an e x t r a c t i o n  process. Coprocessing res idua l  
products w i l l  be subjected t o  c a l c i n a t i o n  and c a t a l y t i c  metals recovery by 
leaching with an amnonium hydroxide s o l u t i o n .  The goal set f o r  the recovery 
process w i l l  be greater than 97 percent  recovery o f  the molybdenum ca ta l ys t .  
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Table 1 

I L L I N O I S  NO . 6 
I l u r n i n g  S t a r )  

Proximate Ana lys is .  ut% 
(as - rece ived)  

Moisture .............................................. 4 . 2  

V o l a t i l e  M a t t e r  ....................................... 36.9 

Fixed Carbon .......................................... 48.2 

Ash ................................................... 10.7 

U l t imate  Analysis.  u t %  
( m o i  s t u r e - f r e e )  

Carbon ................................................ 70.2 

Hydrogen .............................................. 4.8 

Nitrogen .............................................. 0 . 9  

Sulfur ................................................ 3.1 

Oxygen ( d i f f . )  ........................................ 9.9 

Ash ................................................... 11.1 
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Table 2 

Ultimate Analysis. w t X  

Carbon .................................................... 84.5 

Hydrogen .................................................. 10.6 

Oxygen .................................................... 0.3 
Nitrogen .................................................. 0.5 
Sulfur .................................................... 4.0 
A s h  ....................................................... 0.1 

Ni(ppm) ........................................................ 70 
V (ppm) ........................................................ 370 

950OF' v o l X  ................................................... 30 
ASTM oil60 

Heptane Insols. wtX ............................................ 
ASTM 03279 

20 
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Table 3 

PROWCT YIELDS AND COWERSIONS -- (01 -8 -21  

Yield Structure 

Component 

c1 -c4 

C5-95OoF 

9500F+ 

Heptane Insol ubles 

Non-Hydrocarbon Gases 

Hydrogen Consumption 

Coal t Heavy 
Oil (Ash-Free) 
Weight Percent 

5. I+ 

80.1 

6.9 

3 . 7  

7.2- 

-3.0 

Conversions (Ash-F ree B a s i s )  

Component Weight Percent 

9500F+ 87 

THF Insolubles 95 

Heptane Insolubles 92 

9500tF (Ash-Free) 
We i ght Percent 

6 .9  

7 4 . 5  

0 . 7  

4 . 6  

9 . 2  

-3.9 

+Estimated from t a i l  gas sanpling. 
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T a b l e  4 

M e 1  Capound Ext rac t ions  

\ 

Model M i x t u r e  

Component 

Coal Ash 

"205 

N i O  

Moo3 

Molybdenum Recovery 

Test 

1 

2 

3 

- 
W t %  Mo Recovered A s  

Molybdate 

75 

95 

97 

15 

Weight Percent 

92.8 

2.8 

0.1 

4 . 3  

Ut% o f  V Recovered w i t h  
Ho 1 ybda t e 

2 

5 
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Figure 1. 

MICROAUTOCLAVE PRODUCT YIELDS 
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Maya AT0 70% 1 

Temperature 435°C 
ResidenceTime 1 hr 

0 1 liter autoclave, no catalyst 
microautoclave, no catalyst 

0 1 liter autoclave, 0.1 % Mo a microautoclave, 0.1% MO 

oil(’) asph(2) pitchc3) 

(1) heptane solubles 
(2) heptane insolublefTHF soluble 
(3) THF insolubles 

Figure 2. 

REACTOR SYSTEMS 
COMPARISON OF MICRO- AND 1 LITER-AUTOCLAVE 
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Temperature 435°C 
ResidenceTime 1 hr 

0 Nocatalyst m 

- 

0.1% Mo 
0.1% Mo 

d 

60 

4 0  

2 0  

0 
oil(l) distillable asph(2) pitchc3) 

oil 
(-950OF) 

( 1 )  heptane solubles 
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(3) THF insolubles 

Figure 3. 
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